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METHOD AND PLANT FOR THE CONVEYANCE OF FINE-GRAINED SOLIDS 

Technical Field 

The present invention relates to a method for the conveyance of fine-grained 
solids in a fluidized bed reactor and also to a corresponding plant. 

Such methods and plants are used in various application areas for different gas- 
solid combinations. For example, iron ores reduced for the production of 
sponge-iron briquettes must be conveyed to a height of approximately 50 m in 
order to allow them to be supplied and distributed to various briquetting presses. 
Also for the direct reduction of iron ores or in the gas reduction of ores contain- 
ing titanium, gravity is used for supplying the heated starting materials to the 
reactors for processing. For this purpose, they must first be conveyed to a con- 
siderable height. 

The transport of fine-grained solids usually takes place pneumatically, i.e. the 
solids are introduced into a conveying pipe and entrained by an upwardly di- 
rected gas flow, so that the solids can be discharged at the upper end of the 
conveying pipe. A customary form of construction provides that the cross sec- 
tion of the conveying pipe is drawn in underneath the solids charging point and 
widens conically upwards in the form of a venturi. The gaseous conveying me- 
dium flows with high velocity through the narrow cross-sectional region, in order 
to prevent the solids from falling downwards into the gas supply conduit. The 
high velocities necessary here may lead to erosion or, in the case of sensitive 
solids, to grain decripitatation. A further disadvantage is that, in spite of the high 
gas velocity, in the case of relatively large diameters solids fall downwards 
through the constricted cross-sectional region counter to the direction of gas 
flow and block the gas supply conduit. 
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At the same time, the solids are cooled or heated during transport, in depend- 
ence on the transporting gas used, usually compressed ambient air, and by the 
contact with the walls of the reactor. Therefore, a downstream temperature- 
control stage often has to be provided before the further processing of the sol- 
5 ids. 

Also known are reactors with a stationary fluidized bed, in which the gas and 
solid velocities are distinctly lower. However, such reactors are not suitable for 
transporting solids to great heights. 

10 

Description of the Invention 

Therefore, it is the object of the present invention to provide a method for the 
conveyance of fine-grained solids which allows more gentle transport and at the 
15 same time ensures the direct heat transfer between the gas entering and the 
solids entering. 

In accordance with the invention, this object is achieved by a method as men- 
tioned above in which a first gas or gas mixture is introduced from below 

20 through a preferably centrally arranged gas supply tube (central tube) into a mix- 
ing chamber region of the reactor, the central tube being at least partly sur- 
rounded by a stationary annular fluidized bed which is fluidized by supplying flu- 
idizing gas, and in which the gas velocities of the first gas or gas mixture as well 
as of the fluidizing gas for the annular fluidized bed are adjusted such that the 

25 particle Froude numbers in the central tube are between 1 and 100, in the annu- 
lar fluidized bed between 0.02 and 2 and in the mixing chamber between 0.3 
and 30. 

With the method in accordance with the invention, the solids can surprisingly be 
30 transported very gently over great differences in height, without blockages oc- 
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curring in the gas supply conduit and without the conveying conduit being sub- 
jected to extreme wear. The solids are fluidized in the stationary fluidized bed 
by supplying the fluidizing gas. When passing through the upper region of the 
central tube, the first gas or gas mixture entrains solids from the annular sta- 
5 tionary fluidized bed, which is referred to as the annular fluidized bed, into the 
mixing chamber, from which the solids are then conveyed vertically upwards into 
and through the conveying conduit. By correspondingly adjusting the gas ve- 
locities of the first gas or gas mixture and of the fluidizing gas, the solids load of 
the suspension occurring in the mixing chamber can be varied within wide 
10 ranges of up to for example 30 kg of solids per kg of gas. As a result of the re- 
duction of the flow velocity of the first gas or gas mixture after leaving the central 
tube and/or as a result of the impingement on one of the reactor walls, part of 
the solids can separate out from the suspension in the mixing chamber and fall 
back into the stationary annular fluidized bed, while the remaining part of non- 
15 precipitated solids is discharged from the mixing chamber together with the first 
gas or gas mixture. This solids circulation between the annular fluidized bed 
and the mixing chamber, the high solids loading of the suspension in the mixing 
chamber and the strong turbulences in the region above the central tube create 
ideal conditions for the heat transfer between the gas and the solids, so that the 
20 temperatures of all the media approximate to within a few degrees Celsius to the 
theoretical mixing temperature. A further advantage of the method in accor- 
dance with the invention lies in the possibility of quickly, easily and reliably 
adapting the throughput to the requirements by changing the flow velocities of 
the first gas or gas mixture and of the fluidizing gas. 

25 

To ensure particularly effective and at the same time gentle transport of the sol- 
ids in the reactor, the gas velocities of the first gas mixture and of the fluidizing 
gas are preferably adjusted for the fluidized bed such that the dimensionless 
particle Froude numbers (Fr P ) are 1.15 to 20, in particular approximately 8, in 
30 the central tube, 0.115 to 1.15, in particular approximately 0.15, in the annular 
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fluidized bed, and/or 0.37 to 3.7 in the mixing chamber. The conveying conduit 
may have a smaller cross section than the mixing chamber, so that the particle 
Froude number in the conveying conduit is correspondingly higher, but prefera- 
bly likewise in the range between 0.37 and 3.7. In this case, the particle Froude 
numbers are each defined by the following equation: 



u = effective velocity of the gas flow in m/s 

Pf = effective density of the fluidizing gas in kg/m 3 

p s = density of a solid particle in kg/m 3 

dp = mean diameter in m of the particles of the fine-grained reactor inventory 

or the particles forming during operation of the reactor 
g = gravitational constant in m/s 2 . 

When using this equation it should be considered that d p does not indicate the 
mean diameter (d_50) of the material used, but the mean diameter of the reac- 
tor inventory forming during operation, which can differ significantly in both di- 
rections from the mean diameter of the material used (primary particles). It is 
also possible for (secondary) particles with a mean diameter of 20 to 30 urn to 
be formed during the heat treatment from very fine-grained material with a mean 
diameter of, for example, 3 to 10 urn. On the other hand, some materials, for 
example ores, are decrepitated during the heat treatment. In the present inven- 




u 



with 
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tion, solids with a mean secondary grain diameter of approximately 10 urn to 15 
mm are referred to as fine-grained material. 

In a development of the idea of the invention, it is proposed to adjust the bed 
height of solids in the reactor, for example by the selection of the gas velocities 
and the ratio between the solid mass flow and the volumetric flow of the first gas 
or gas mixture, such that the annular fluidized bed extends beyond the upper 
orifice end of the central tube in particular by a few millimetres to centimetres, 
and thus solids are constantly introduced into the jet of the first gas or gas mix- 
ture and entrained by the gas stream to the mixing chamber located above the 
orifice region of the central tube. This achieves particularly good conveyance of 
the solids in the reactor. 

For certain applications, it has turned out to be particularly advantageous if the 
solids are cooled in the reactor. For example, cement with a temperature of ap- 
proximately 600°C may be used as the solids and, before further treatment, be 
cooled during conveyance in the reactor to below 400°C, in particular to ap- 
proximately 380°C. Further cooling of the gases supplied to the reactor may 
also be necessary, independently of the amount of solids supplied, for example 
if they are to be cleaned in a downstream gas electrostatic precipitator. The 
cooling of the gases may then be performed in such a way that the solids are 
not heated up as a result. Similarly, the cooling of the solids may be performed 
without heating the gas. 

Particularly effective cooling of the solids or gases can be achieved in the reac- 
tor by the gas mixture and the fluidizing gas introduced via the central tube be- 
ing air with a temperature below 100°C, in particular of approximately 50°C. In 
addition, for the further cooling of the solids during the conveyance a liquid cool- 
ing medium, for example water, which on contact with the warmer solids evapo- 
rates completely into the annular fluidized bed and/or the mixing chamber may 
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be introduced. As a result, the temperatures of the gas or solids can be adjusted 
in a way corresponding to requirements. It has been found that the liquid cool- 
ing medium can be introduced by a tube onto or into the annular fluidized layer, 
where it evaporates by contact with the warm solids. In some applications it 
5 may be required to atomize the cooling medium by means of a one-substance or 
two-substance nozzle and a gaseous atomizing medium, such as water vapour 
or compressed air, on introduction into the reactor. 

As an alternative to this, for some applications it is required that the solids are 
10 heated in the reactor. For example, in the case of the reduction of Fe 2 0 3 with 
hydrogen, or the gas reduction of ores containing titanium, material that is dried 
and pre-heated under an oxidizing atmosphere must be introduced into the re- 
duction stage with as high a temperature as possible. For the briquetting of fine- 
grained sponge iron into sponge iron briquettes, it is also required to convey the 
15 solids to a suitable height without the sponge iron being cooled in the process. 

In accordance with an embodiment of the invention, moist, granular solids are 
dried in the reactor, the heat required for this purpose preferably being supplied 
by the first gas or gas mixture. This is possible even in the case of solids which 

20 cannot be fluidized in the moist state. The moist solids are then immediately 
surrounded in the annular fluidized bed by already dried, warmer solids, which 
precipitate from the mixing chamber, so that the moist solids are heated and 
dried. The solids may then be entrained by the still warmer gas or gas mixture 
of the central tube, thereby undergoing further heating. In this way, not only sur- 

25 face moisture but also water of crystallization (independently of possible surface 
moisture) can be extracted from the solids by heating. 

For this purpose, it has been found to be advantageous to supply heated gas or 
gas mixtures, such as for example hydrogen or exhaust gas with a temperature 
30 of approximately 900°C, to the reactor through the central tube, into the annular 
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fluidized bed and/or through lances or the like into the mixing chamber. If the 
first gas or gas mixture or the fluidizing gas of the annular fluidized bed contains 
oxygen, a fuel, in particular natural gas, can also be additionally supplied to the 
reactor, in order at least to compensate for the temperature loss due to radiation 
5 of the reactor walls and/or due to the gases used for the conveyance by an in- 
ternal combustion, or in order to achieve heating of the solids above the theo- 
retical mixing temperature. It has turned out to be advantageous in this respect 
to operate the reactor at a pressure of 0.8 to 10 bar and particularly preferably 
at atmospheric pressure. 

10 

In accordance with the invention, it is possible to charge the reactor with more 
than just one stream of solids, it also being possible for the different streams of 
solids to have different temperatures. The reactor then serves at the same time 
as a mixer, in which a stream of solids of higher temperature can be cooled by a 
15 second stream of solids of lower temperature. 

It is also possible to connect two or more annular fluidized beds with any desired 
spacing in parallel or in series, for example for different temperatures. 

20 The method in accordance with the invention is also suitable in particular for at 
least partly heating and/or calcining solids containing iron oxide in at least one 
pre-heating stage and reducing them in a downstream reduction stage, the sol- 
ids being transported from the at least one pre-heating stage into the down- 
stream reduction stage by means of the reactor serving as a flash heater and 

25 thereby being heated for example by internal combustion of natural gas. 

In order to improve the energy utilization, it is preferred that the exhaust gases 
from the reactor are passed to the at least one pre-heating stage, which in the 
case of ores which require a long retention time may have a reactor with a circu- 
30 lating fluidized bed or in the case of ores which require a short retention time 
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may have a venturi pre-heater. In this way, a fuel can be supplied just to the 
reactor serving as a flash heater, while the pre-heating stage(s) are operated 
substantially with the waste heat of the reactor. In comparison with the known 
methods, in which the pre-heated solids are transported into the reduction stage 
5 with in some cases considerable heat loss, for example by means of a bucket 
elevator, the solids can even be heated still further during conveyance if the re- 
actor is used as a flash heater. The higher temperature of the solids introduced 
Into the reduction stage(s) has the effect that operation of the pre-reduction 
stage is simplified distinctly. 

10 

In accordance with a preferred embodiment, the actual outlet temperature of the 
solids on leaving the reactor is measured. In dependence on the measured ac- 
tual outlet temperature in relation to a set point outlet temperature, the supply of 
cold or heated gases or gas mixtures, to an in particular liquid cooling medium 
15 and/or fuels, can be varied. The optimum temperature for the further processing 
of the solids can in this way be regulated quickly and reliably while operation is 
in progress. 

A plant in accordance with the invention, which is in particular suited for 
20 performing the method described above, has a reactor constituting a fluidized 
bed reactor for the conveyance of solids, the reactor having a gas supply 
system which is formed such that gas flowing through the gas supply system 
entrains solids from a stationary annular fluidized bed, which at least partly 
surrounds the gas supply system, into the mixing chamber. Preferably, this gas 
25 supply system extends into the mixing chamber. It is, however, also possible to 
let the gas supply system end below the surface of the annular fluidized bed. 
The gas is then introduced into the annular fluidized bed for example via lateral 
apertures, entraining solids from the annular fluidized bed into the mixing 
chamber due to its flow velocity. 

30 
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In accordance with a preferred aspect of the invention, the gas supply system 
has a central tube extending upwards substantially vertically from the lower re- 
gion of the reactor, which is at least partly surrounded in an annular manner by 
a chamber in which the stationary annular fluidized bed is formed. The annular 
5 fluidized bed does not have to be annular, but rather other forms of the annular 
fluidized bed are also possible, in dependence on the geometry of the central 
tube and the reactor, as long as the central tube is at least partly surrounded by 
the annular fluidized bed. 

10 Of course, two or more central tubes, which may all have different or identical 
dimensions and shapes, may also be provided in the reactor, it being preferred if 
at least one of the number of central tubes is arranged approximately centrally 
with reference to the cross-sectional area of the reactor. 

15 Separation of the solids from the gas or gas mixture used for the conveyance is 
made possible before further processing if a separator is provided downstream 
of the reactor. For this purpose, a cyclone, a hot-gas electrostatic precipitator, a 
bag filter or the like can be used for example. 

20 To provide for a reliable fluidization of the solids and the formation of a station- 
ary fluidized bed, provided in the annular chamber of the reactor is a gas dis- 
tributor which divides the chamber into an upper fluidized bed region and a 
lower gas distributor chamber. The gas distributor chamber is connected to a 
supply conduit for fluidizing gas. Instead of the gas distributor chamber, a gas 

25 distributor composed of tubes may also be used. 

For adjusting the temperatures necessary for the further processing of the solids 
or the gas, the reactor may have a supply conduit for fuel or a suitable liquid 
cooling medium, such as water, leading to the central tube, such a supply con- 
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duit leading to the annular chamber and/or such a supply conduit, leading to the 
mixing chamber. 

In the annular fluidized bed and/or the mixing chamber of the reactor, means for 
5 deflecting the solids and/or fluid flows may be provided in accordance with the 
invention. It is for instance possible to position an annular weir, whose diameter 
lies between that of the central tube and that of the reactor wall, in the annular 
fluidized bed such that the upper edge of the weir protrudes beyond the solids 
level obtained during operation, whereas the lower edge of the weir is arranged 

10 at a distance from the gas distributor or the like. Thus, solids raining out of the 
mixing chamber in the vicinity of the reactor wall must first pass by the weir at 
the lower edge thereof, before they can be entrained by the gas flow of the cen- 
tral tube back into the mixing chamber. In this way,, an exchange of solids is 
enforced in the annular fluidized bed, so that a more uniform retention time of 

15 the solids in the annular fluidized bed is obtained. 

Developments, advantages and application possibilities of the invention also 
emerge from the following description of exemplary embodiments and the draw- 
ing. All features described and/or illustrated in the drawing form the subject- 
20 matter of the invention per se or in any combination, independently of their in- 
clusion in the claims or their back-reference. 

Brief Description of the Drawings 

25 The single figure shows a process diagram of a method and a plant in accor- 
dance with an exemplary embodiment of the present invention. 
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Detailed Description of a Preferred Embodiment 

In the method shown in the figure, which is in particular suited for the convey- 
ance of fine-grained solids, solids are introduced into a reactor 1 via a supply 
5 conduit 2. The reactor 1, which is cylindrical for example, has a central tube 3, 
which is arranged approximately coaxially with the longitudinal axis of the said 
reactor and extends substantially vertically upwards from the bottom of the reac- 
tor 1. 

10 Provided in the region of the bottom of the reactor 1 is an annular gas distributor 
chamber 4, which is closed off at the top by a gas distributor 5 having apertures. 
A supply conduit 6 opens out into the gas distributor chamber 4. 

Arranged in the vertically upper region of the reactor 1 , which forms a fluidized 
15 bed chamber 7 and a conveying conduit 13 adjoining the latter, is an outlet con- 
duit 8, which opens out into a separator 9 formed in the figure as a cyclone. The 
conveying conduit 13 may have a reduced cross section in comparison with the 
mixing chamber 7 and is possibly distinctly longer than the mixing chamber 7. 

20 If solids are then introduced into the reactor 1 via the supply conduit 2, a layer 
annularly surrounding the central tube 3, which is referred to as an annular fluid- 
ized bed 10, forms on the gas distributor 5. Fluidizing gas introduced into the 
gas distributor chamber 4 through the supply conduit 6 flows through the gas 
distributor 5 and fluidizes the annular fluidized bed 10, so that a stationary fluid- 

25 ized bed is formed. The velocity of the gases supplied to the reactor 1 is then 
adjusted such that the particle Froude number in the annular fluidized bed 10 is 
approximately 0.15 and in the mixing chamber 7 and the conveying conduit 13 is 
approximately 1 .8 or approximately 3. 
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By supplying further solids into the annular fluidized bed 10, the level of the sol- 
ids 1 1 in the reactor 1 increases to the extent that solids enter the orifice of the 
central tube 3. At the same time, a gas or gas mixture is introduced into the re- 
actor 1 through the central tube 3. The velocity of the gas supplied to the reac- 
5 tor 1 is preferably adjusted such that the particle Froude number in the central 
tube 3 is approximately 8. Due to these high gas velocities, the gas flowing 
through the central tube entrains solids from the stationary annular fluidized bed 
10 into the mixing chamber 7 when passing through the upper orifice region. 

10 Due to the banking of the level 1 1 of the annular fluidized bed 10 as compared 
to the upper edge of the central tube 3, solids flow over this edge into the central 
tube 3, whereby an intensively mixed suspension is formed. The upper edge of 
the central tube 3 may be straight, corrugated or indented or the central tube 3 
may have lateral inlet apertures. As a result of the reduction of the flow velocity 

15 by the expansion of the gas jet and/or by impingement on one of the reactor 
walls, the entrained solids quickly lose speed and partly fall back again into the 
annular fluidized bed 10. The amount of not precipitated solids is discharged 
from the reactor 1 together with the gas stream via the conveying conduit 13 
and the conduit 8. Between the reactor regions of the stationary annular fluid- 

20 ized bed 10 and the mixing chamber 7 there is thereby obtained a solids circula- 
tion which ensures a good heat transfer. Before further processing, the solids 
discharged via the conduit 8 are separated from the gases or gas mixtures in 
the cyclone 9. 

25 For heating the solids conveyed in the reactor 1, the gases or gas mixtures 
passed to the central tube 3 and/or the gas distributor chamber 4 may be pre- 
heated. In addition, a fuel may be supplied into the central tube 3, into the gas 
distributor chamber 4 and/or via a lance arrangement or the like, as indicated in 
the figure by reference numeral 12, into the annular fluidized bed 10 or the mix- 
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ing chamber 7 and, by internal combustion in the reactor 1, allows uniform heat- 
ing of the solids without local temperature peaks. 

Alternatively, for cooling the solids conveyed in the reactor 1 , cold gases or gas 
5 mixtures may be supplied to the central tube 3 and/or the gas distributor cham- 
ber 4. The term "cold" is to be understood in this respect as meaning in relation 
to the temperature of the solids, the intention being to achieve the desired cool- 
ing effect. In addition, a cooling medium, such as water or the like, may be sup- 
plied into the central tube 3, into the gas distributor chamber 4 and/or via the 
10 lance arrangement 12 or the like and further reduces the temperature of the sol- 
ids conveyed in the reactor 1 . 

The temperature of the solids leaving the reactor 1 can be deliberately varied by 
a regulating device. For this purpose, the actual outlet temperature of the solids 
15 is measured, for example in the conduit 8, and the supply of fuel or cooling me- 
dium into the reactor 1 is then controlled in dependence on an adjustable set 
point outlet temperature. 

The invention will be described below with reference to three examples demon- 
20 strating the inventive idea, but not restricting the same. 

Example 1 (conveyance of Fe 2 0 3 or titanium-containing ores with heat 
transfer under oxidizing conditions) 

25 In a plant corresponding to the figure, 65.7 t/h of Fe2C>3 with a temperature of 
985°C were supplied to the reactor for conveyance and possibly drying under an 
oxidizing atmosphere. Furthermore, the reactor 1 was supplied via conduit 6 
with 1000 Nm 3 /h of air and via the central tube 3 with 12,300 Nm 3 /h of air with a 
temperature of 50°C as a transporting medium, to which 532 Nm 3 /h of natural 

30 gas had been admixed as a fuel in the central tube 3 directly before entry into 
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the annular fluidized bed 10. 65.7 t/h of Fe 2 0 3 with a temperature of 1000°C 
were removed from the reactor via conduit 8. 

The fluidic conditions in the mixing chamber 7 with a particle Froude number of 
5 approximately 3 allowed an internal combustion of the natural gas without tem- 
perature peaks. In this way, instead of a temperature loss in the reactor 1 due 
to radiation of the reactor walls and the mixing of the solids with cold transport- 
ing air, even an increase in the temperature of the solids by 15°C was achieved 
in the conduit 8. 

10 

As a result, it was possible to keep the temperature of the reducing gases used 
for the fluidizing of the solids in a downstream reduction stage below the critical 
limit for technical feasibility of 1000°C. The solids were in this case conveyed in 
the reactor 1 to a height of approximately 46 m. 

15 

In the same way, a conveyance of ores containing titanium was possible with 
simultaneous drying under oxidizing conditions. In this case, natural gas was 
additionally introduced into the reactor 1 for internal combustion via a lance ar- 
rangement 12 above the annular fluidized bed 10, i.e. directly into the mixing 
20 chamber 7. 

The gas velocities were in this case selected such that the particle Froude num- 
bers in the annular fluidized bed 10 were approximately 0.15 and in the central 
tube 3 approximately 8. 

25 

Example 2 (conveyance and heating of sponge iron) 

In a plant corresponding to the figure, 68 t/h of fine-grained sponge iron with a 
temperature of approximately 650°C were supplied to the reactor 1 via the sup- 
30 ply conduit 2. 
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40,000 Nm 3 /h of hydrogen with a temperature of 900°C were supplied to the re- 
actor 1 via the central tube 3 from an upstream reduction stage for iron ore and 
a further 750 Nm 3 /h of hydrogen with ambient temperature were supplied to the 
5 reactor 1 via the gas distributor chamber 4. The gas velocities were in this case 
selected such that the particle Froude numbers in the annular fluidized bed 10 
were approximately 0.15, in the mixing chamber 7 approximately 1.8 and in the 
central tube 3 approximately 8. 

10 In this way it was possible for fine-grained sponge iron to be conveyed in the 
reactor 1 to a height of approximately 50 m and at the same time be heated to 
the temperature required for the downstream briquetting in presses to form 
sponge iron briquettes. 

15 Example 3 (conveyance and cooling of cement) 

In a plant corresponding to the figure, 68 t/h of fine-grained cement with a tem- 
perature of approximately 600°C were supplied to the reactor 1 via the supply 
conduit 2. 

20 

Furthermore, 6,250 Nm 3 /h of air were supplied to the reactor 1 via the central 
tube 3 as a conveying medium and 750 Nm 3 /h of air were supplied to the reactor 
1 via the gas distributor chamber 4 for fluidizing, respectively with a temperature 
of 50°C. The gas velocities were in this case selected such that the particle 
25 Froude numbers in the annular fluidized bed 10 were approximately 0.15, in the 
mixing chamber 7 approximately 1.8 and in the central tube 3 approximately 8. 
A temperature of 510°C was established in the conveying line. 

In addition, 2600 kg/h of water with a temperature of approximately 20°C were 
30 supplied to the reactor 1 via the lance arrangement 12. In this way it was possi- 
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ble to achieve the temperature of the cement desired for the downstream de- 
dusting in a hot-gas electrostatic precipitator of 380°C at the end of the convey- 
ing line, i.e. in the conduit 8. 



WO 2004/056462 



PCT/EP2003/014105 



List of Reference Numerals: 



5 


1 


reactor 




2 


supply conduit for solids 




3 


central tube (gas supply tube) 




4 


gas distributor chamber 




5 


gas distributor 


10 


6 


supply conduit for fluidizing gas 




7 


mixing chamber 




8 


conduit 




9 


separator (cyclone) 




10 


(stationary) annular fluidized bed 


15 


11 


level of the annular fluidized bed 10 




12 


lance arrangement 




13 


conveying conduit 



